The interactions of small molecules with proteins (protein-ligand interactions) mediate various biological phenomena including signal transduction and protein transcription and translation. Synthetic compounds such as drugs can also bind to target proteins, leading to the inhibition of protein-ligand interactions. These inter actions typically accompany association-dissociation equilibrium according to the free energy difference be tween free and bound states; therefore, the quantitative biophysical analysis of the interactions, which uncovers the stoichiometry and dissociation constant, is important for understanding biological reactions as well as for rational drug development. Mass spectrometry (MS) has been used to determine the precise molecular masses of molecules. Recent advancements in MS enable us to deter mine the molecular masses of protein-ligand com plexes without disrupting the noncovalent interactions through the gentle desolvation of the complexes by in creasing the vacuum pressure of a chamber in a mass spectrometer. This method is called MS under non denaturing conditions or native MS and allows the un ambiguous determination of protein-ligand interactions. Under a few assumptions, MS has also been applied to determine the dissociation constants for protein-ligand interactions. The structural information of a proteinligand interaction, such as the location of the interaction and conformational change in a protein, can also be ana lyzed using hydrogen/deuterium exchange MS. In this paper, we briefly describe the history, principle, and recent applications of MS for the study of protein-ligand interactions.
The analysis of protein-ligand interactions is important for understanding various biological phenomena and drug development. The physico-chemical parameters that characterize protein-ligand interactions are stoichiometry and dissociation constant (K D ), from which the free energy difference of the interaction is estimated. Several biophysical methods for the assessment of protein-ligand interactions exist, including surface plasmon resonance (SPR), capillary electrophoresis, isothermal titration calorimetry (ITC), and mass spectrometry (MS). Each method has both advantages and disadvantages; thus, one must select the appropriate method based on the purpose of the measurement. In the past two decades, MS has been used widely in the field of bio logical research to identify and quantify metabolites and proteins; however, under the conditions of conventional MS, biological substances dissociate into individual molecules during ionization or/and desolvation; therefore, proteinligand interactions are rarely observed. Meanwhile, recent
I. Early MS studies of protein-ligand interactions
The earliest MS study of protein-ligand interactions focused on the interaction between cytoplasmic receptor FK506 binding protein (FKBP; 11,812 Da) and immunosuppressant FK506 (804 Da) ( Table 1 ) [5] . The 1:1 complex of FKBP:FK506 was observed in 10 mM ammonium acetate at pH 7.5. The authors observed the protein-ligand interactions by electrospray ionization (ESI) MS. Katta and Chait reported the observation of the hemoglobin complex [6] , and we recently reported three cases of protein-ligand interactions: nuclear receptor peroxisome proliferator activated receptor γ (PPARγ)-endocrine disruptors [7] , protein tyrosine phosphatase PTPRZ-inhibitor [8] , and HIV1 reverse transcriptase-drugs [9] . Typically, the MS study of proteinligand complexes requires the modification of various components and conditions within a mass spectrometer. Higher pressures in the front end of the instrument are required to focus and decelerate the high-m/z ions of protein-ligand complexes. In addition, lowfrequency quadrupoles might be required for the selection and/or transmission of the ions. MS is performed in vacuum (Fig. 2) , and the hydrogen bonds, electrostatic interactions, and van der Waals forces are strengthened or unchanged by the transfer from the solution to the gas phase, while hydrophobic interactions are weakened [10] . Thus, protein-ligand complexes formed mainly through the former forces are retained, while those formed primarily through the latter forces are prone to be disrupted during MS.
II. Parameters obtained from MS studies of protein-ligand interactions Stoichiometry
We can determine the stoichiometry of a protein-ligand complex from the mass shift. Figure 3 shows the ESI mass spectra of a nuclear receptor, PPARγ, with triphenyltin of progress in MS under non-denaturing conditions, mainly led by Robinson's group, has enabled the measurement of total masses of protein-ligand complexes, even for noncovalent interactions [1] . Furthermore, recent hydrogen/deuterium exchange MS (HDXMS) has realized the identification of the interaction site and conformation change of a protein upon ligand binding, providing structural information on protein-ligand interactions [2] . Similarly, hydroxyl radical footprinting provides information on interaction sites and conformational changes [3] . Chemical crosslinking followed by MS analysis has been used to identify the binding site [4] . Thus, we can now assess protein-ligand interactions using MS, as summarized in Figure 1 . In this paper, we focus on the MS analyses of protein-ligand interactions, especially for MS under nondenaturing conditions and HDXMS. We also discuss the possibility of drug screenings and analyses of interactions between membrane proteins and drugs using MS analysis. 
where [P] 0 and [L] 0 indicate the initial concentrations of protein and ligand, respectively. An alternative method to determine K D is via a competition experiment in which an equimolar mixture of several ligands is added to a protein in solution [13, 14] . In this analysis, the K D values for the interactions between a protein and several different molecules can be determined simultaneously, assuming that the ion endocrine disruptors [7] . Under denatured conditions obtained by, for example, adding formic acid to the sample solution, a 31,370.6 Da molecule corresponding to PPARγ is observed ( Fig. 3A and B); under nondenaturing conditions, a 31,718.8 Da molecule corresponding to the PPARγ-triphenyltin complex is observed (Fig. 3C ). This mass shift corresponds to the mass of triphenyltin. As another example, Figure 4 shows the ESI mass spectra of protein tyrosine phosphatase PTPRZ in the absence or presence of inhibitor SCB4380. In the absence of the inhibitor, the molecule with a mass of 70985.3 Da corresponding to PTPRZ is observed (Fig. 4A) . After the addition of the inhibitor, a molecule with a mass of 70451.2 Da corresponding to the mass of the 1:1 complex is observed, and the relative amount of the complex increases dosedependently (Fig. 4B-E) . Furthermore, we can directly identify the composition of the complex by using MS/MS when a stable and strong MS signal is acquired. As shown in Figure 5 , the complex molecule is selectively dissociated into its components, the protein and ligand, by MS/MS using collisioninduced dissociation (CID) within the mass spectrometer, and their masses can then be precisely determined.
Dissociation constant
The K D of a protein-ligand interaction can be estimated based on a doseresponse or competition experiment. K D values ranging from 0.002 to 2,778 μM have been reported based on MS experiments ( Table 1 ). The doseresponse experiment can be performed by fixing the protein concentration while varying the ligand concentration, or vice versa [11] . The signal responses of the protein-ligand complex and the
Figure 2 Electrospray ionization mass spectrometry (ESIMS).
A diagram of the mass spectrometer and a schematic of the electrospray ionization process are shown. A protein-ligand complex is ionized by electrospray ionization followed by injection into a spectrometer. Under proper vacuum conditions, the solvent molecules gradually dissociate from the complex without the disruption of noncovalent interactions when the protein molecule passes through the lowvacuum chambers. Finally, the mass of the complex is measured under high vacuum by a timeofflight (TOF) mass spectrometer (modified from [29] ; https://www.jstage.jst.go.jp/article/biophys/55/5/55_270/_article/char/ja/). complex are expressed by the following equation:
where [P i ] refers to the concentration of the protein in different forms, [P i ] 0 is the initial concentration of protein-ligand emission efficiencies of the different protein-ligand complexes and the free protein are all identical. An ESI mass spectrum for an equimolar mixture of a protein and three ligands is shown in Figure 6 . The peaks for the free protein and the three complexes are observed simultaneously. In this case, the concentrations of the protein and the protein-ligand Figure 3 Mass spectra of the PPARγ-ligand binding domain complex with triphenyltin (TPT) under nondenaturing conditions. The PPARγ-ligand binding domain forms a complex with TPT in a 1:1 molar ratio (A-C). The mass patterns after the addition of aliquots of formic acid (A, 3%; B, 1%; C, 0%) to the complex indicate that the dissociation of the interaction is caused by the unfolding of the PPARγ-ligand binding domain (refer to [7] ). Figure 4 Onetoone binding of the inhibitor SCB4380 to protein tyrosine phosphatase PTPRZ. MS spectra of PTPRZ in the presence of the inhibitor (A-E). PTPRZ was mixed with the inhibitor at the indicated concentrations, and inhibitor binding to PTPRZ was monitored by MS under nondenaturing conditions. Peaks corresponding to PTPRZ and the 1:1 PTPRZinhibitor complex are indicated by blue and red dots (with charge states), respectively (modified from [8] ).
changes and interaction sites between proteins and ligands by monitoring the exchange reaction from hydrogen to deuterium of the amide proton in a protein in D 2 O [15] . As shown in Figure 7 , the amide hydrogen atoms in the peptides that are exposed on the protein's surface but not involved in the secondary structure formation or the protein-ligand interactions exchange to deuterium rapidly (high H/D exchange rate), while those located inside the protein or at the sites of protein-ligand interaction are slowly exchanged (low H/D exchange rate). An HDXMS experiment is carried out as follows: (i) a protein or protein-ligand complex is placed into deuterium buffer to start the exchange reaction, (ii) the exchange reaction is quenched by lowering the pH and temperature, (iii) the protein is digested into peptides through a pepsin-immobilized column, (iv) the peptide fragments are separated by reverse-phase liquid chromatography, and (v) the separated peptides are analyzed by MS and MS/MS. In order to minimize the back exchange reaction of amide deuterium, chromatographic separations are carried out at temperatures close to freezing temperature. In the recent HDXMS studies of protein-ligand interactions, the exchange rates of the digested peptides were compared to those of the free protein and protein-ligand complex because this method is less influenced by the changes in experimental conditions between the free protein and proteinligand complex; thus, this method can quickly provide reliable information on the interaction, although the absolute exchange rate of each peptide is difficult to estimate. In HDXMS, there is essentially no limitation on the molecular weight of the target protein, and elaborate procedures such as crystallization or isotope labeling are not necessary. Furthermore, it is usually possible to clarify the interaction site within a short period compared to Xray crystallography or NMR spectroscopy. Here, we introduce examples of complexes, and P, PL 1 , PL 2 , and PL 3 are the signal intensities of the free protein and those of the three complexes, respectively.
The K D values are expressed by the following equation:
Thus, the K D values are estimated by substituting the protein and protein-ligand complex concentrations into Eq. 4. Good agreements were confirmed between the K D values derived from MS data and the published values that were determined by other methods [13] .
Binding site
We can determine the binding sites of protein-ligand interactions from HDXMS. HDXMS reveals the structural ity. Note that the interaction sites discussed above were determined at resolutions of 5-20 amino acids; determination at higher resolution is difficult using typical MS/MS fragmentation methods such as CID because of the scrambling of amide hydrogen and deuterium during fragmentation. On the other hand, it is now possible to identify binding sites at a resolution of one amino acid residue using electron transfer dissociation as the MS/MS fragmentation method alternative to CID. For example, Landgraf et al. reported that two Gln residues located at the helix 3 of PPARγ are directly involved in its interaction with rosiglitazone [18] .
III. Drug screening using MS
Although no report on highthroughput drug screening using MS under non-denaturing conditions has been published to date, MS shows potential for this application. Bovet el al. reported the interactions of an estrogen receptor with low-molecular-weight compounds [19] . They compared the affinities of estrogen, the compounds, an endocrine disrupter, and a phyto-hormone for the estrogen receptor using MS competition experiments and showed that the rank order of the estimated affinities are consistent with their reported K D values. We recently examined the interaction of the human immunodeficiency virus1 reverse transcriptase (HIV1 RT) with drugs in different generations by MS under nondenaturing conditions [9] . The half-concentrations of protein-ligand interactions studied by HDXMS. Griffin and colleagues used HDXMS to study the interactions between PPARγ and various ligands; they revealed not only the region of ligand binding (helix 3) but also the ligandinduced change in the dynamics of helix 12 of the ligandbinding domain [16] . In this case, HDXMS was complementary to Xray crystallography because the ligandinduced changes in the dynamics of helix 12 of PPARγ captured by HDXMS were not observed in the crystal structural analyses of free PPARγ and PPARγ-ligand complexes. Another example of a change in protein dynamics upon ligand biding was reported for the interaction of protein kinase A with cAMP by Hamuro et al. [17] . We reported an HDXMS study to reveal the site of interaction between PTPRZ and the inhibitor SCB4380 (Fig. 8) . The use of MS under nondenaturing conditions clarified that the inhibitor SCB4380 binds to PTPRZ in 1:1 stoichiometry. Ninety peptides commonly identified in PTPRZ and the PTPRZinhibitor complex were analyzed for the assessment of the H/D exchange rate. By incubating PPA with the inhibitor, the HDX rate of PTPRZ was significantly decreased in two peptide fragments. When compared to the control without ligand incubation, the incubated peptides contained the catalytic residues of PTPRZ. On the other hand, no changes were observed in the HDX rates of the peptides from other regions. These results strongly suggest that the inhibitor specifically binds to the catalytic site of PTPRZ, thereby inhibiting its catalytic activ- proteins [20] ; for example, Robinson's group recently reported the interaction of a drug with a membrane protein [21] .
Conclusion
MS is now one of the most powerful and efficient methods for studying protein-ligand interactions. In particular, interaction stoichiometry can be precisely and quickly determined by MS under non-denaturing conditions. Several studies have shown that the K D of a protein-ligand interaction can also be estimated under a few assumptions. However, while the relative affinity of a protein-ligand interaction can be accurately estimated by MS under non-denaturing conditions, the absolute K D should be validated using orthogonal the drugs where the peak intensities of the HIV1 RTdrug complexes were equal to those of free HIV1 RT were well-correlated with the K D values reported in the literature (Fig. 9) . These results suggest that this MS method under nondenaturing conditions can be utilized for affinitybased drug screenings.
MS under non-denaturing conditions requires the isotope incorporation, modification, or immobilization of neither the drugs nor the target proteins. Since this technique directly provides the total masses of drug-protein complexes, we can determine the stoichiometry of the protein-drug interaction, and in some cases, even derive the value of K D . One of the most important areas of progress related to the MS study of protein-drug interactions is the measurement of membrane (A) Differential plot of the average HDX data for the phosphatase peptides without the inhibitor versus with the inhibitor. The orange, red, cyan, blue, and black lines correspond to the average mass difference values calculated for HDXMS data acquired at different time points. The black vertical bar for each peptide is the sum of the mass differences observed for each peptide. The green lines at ±0.5 Da from the Y axis represent the theo retical 98% confidence limit for each mass difference data time point, whereas the black lines ±1.1 Da from the Y axis values represent the 98% confidence limit for the sum of the mass difference data for each peptide [30] . (B) The hydrogen uptake ratios of two peptidecontaining binding sites at different time points (modified from [8] ). methods such as SPR and ITC. When the interaction site is determined using HDXMS, validation of the identified site is highly recommended using different methods. Interaction analysis using proteins with the replacement of amino acids located at the identified sites and/or docking simulation analysis are methods usable for such a validation. [31, 32] (modified from [9] ).
